(OGlcNAc) is a post-translational modification involved in a plethora of biological systems ranging from cellular stress to insulin signaling. This modification shares many hallmarks with phosphorylation including its dynamic cycling onto a host of proteins such as transcription factors, kinases, and phosphatases, and regulation of cellular functions including cell signaling. Herein we report the development of an improved genetically based O-GlcNAc FRET sensor and compartmentalized targeted variants for the characterization of the spatiotemporal dynamics of O-GlcNAc. During serum-stimulated signal transduction rapid increases in O-GlcNAc activity were observed at both the plasma membrane and the nucleus, with a concomitant decrease detected in the cytoplasm. These findings suggest the existence of compartment specific dynamics for OGlcNAc in response to signal inducing stimuli, pointing to complex regulation of this modification. In addition, inhibition of the PI3 kinase pathway by wortmannin abolished the O-GlcNAc response, suggesting that the activity observed is modulated downstream of the PI3 kinase pathway. Taken together our data argues that O-GlcNAc is a rapidly induced component of signaling and that the interplay between O-GlcNAc and kinase signaling may be more akin to the complex relationship between kinase pathways.
Dynamic
post-translational events coordinate the ability of cells to respond to changes in their microenvironment. The posttranslational modification β-O-N-acetyl-Dglucosamine (O-GlcNAc) is emerging as a key regulator of cellular activities through the modulation of signal transduction. Recent findings have shown a role for this modification in the attenuation of insulin signaling, cellular stress response and aging (1) (2) (3) . O-GlcNAc modifies a diversity of proteins including those involved in signaling and gene regulation. These include kinases (e.g. Akt1), phosphatases and transcription factors such as STAT5, cMyc, Sp1 and p53 (4) (5) (6) (7) . The effects of O-GlcNAc, like phosphorylation, are substrate specific and can include alteration of the subcellular locale, stability of proteins and modulation of protein-protein interactions (8) (9) (10) . The interplay between phosphorylation and OGlcNAc in signal transduction is not well understood (11). On some substrates, OGlcNAcylation directly impacts the phosphorylation status of the protein through either direct or indirect competition. There is also evidence that O-GlcNAc can alter the activity of kinases (12, 13) . OGT itself may be regulated by kinases, as tyrosine phosphorylation of this enzyme has been associated with higher levels of 2 OGT activity (14) . O-GlcNAc levels are thought to be sensitive to alterations in glucose, which change the levels of UDP-GlcNAc, the critical sugar donor for the modification. Glucose metabolism, therefore, has been advocated as one mechanism for the control of this modification (8) . Perturbations in O-GlcNAcylation have been linked to several disease states including Type II diabetes and Alzheimer's disease (15) .
O-GlcNAc cycles onto cytoplasmic and nuclear serine/threonine sites through the actions of only two enzymes. A unique glycosyltransferase UDP-GlcNAc: polypeptide OGlcNAc transferase (OGT) adds the GlcNAc moiety, whereas its removal is mediated via a specific β-O-N-acetyl-glucosamidase (OGlcNAcase). Although only a single gene exists for each enzyme, both are known to have several splice variants. O-GlcNAcase has two splice variants, a full-length version, whose localization is mainly cytosolic, and a catalytically less active nuclear-localized variant that is missing a putative HAT domain (16) . For OGT, three variants have been identified, shortand full-length nuclear/cytoplasmic localized versions and a mitochondrial localized enzyme (17) . These variants differ in their N-termini but are identical throughout their C-terminal catalytic domains, which contain a unique phosphoinositide-binding domain. Serum stimulation of Cos7 cells activates PI3 kinase, which synthesizes the phosphoinositide PIP3, causing OGT to be rapidly recruited to the plasma membrane through this domain. Insulin-stimulation of adipocytes also results in the dynamic compartmentalization of OGT, arguing that the relocalization of this enzyme may be a general mechanism to control OGlcNAc activity during signal transduction (1, 14) . However, concomitant changes in compartment specific O-GlcNAc activity were not documented in these studies (1) . In general, the spatiotemporal dynamics of O-GlcNAc upon signaling have not been examined.
Our laboratory created the first genetically encoded fluorescence resonance energy transfer (FRET)-based sensor, to monitor the dynamics of the O-GlcNAc modification in living cells (18) . The O-GlcNAc sensor (OS) is composed of a FRET pair, enhanced cyan fluorescent protein (eCFP) and the yellow fluorescent protein variant Venus, a β-O-GlcNAc specific fimbrial lectin from E. coli (GafD), and a known O-GlcNAc substrate peptide from casein kinase II (CKII). Upon O-GlcNAcylation of the substrate domain, intramolecular recognition of the GlcNAc moiety by GafD changes the distance of the two fluorophores leading to an increase in FRET between eCFP and Venus. In vitro studies demonstrated that the O-GlcNAc modified substrate is accessed by the O-GlcNAcase enzyme, reversing the FRET signal and allowing for visualization of O-GlcNAc dynamics. Under conditions of increasing O-GlcNAc levels, this sensor was able to monitor the activity of OGlcNAc enzymes in live cells (18) .
Herein we report the development of an improved O-GlcNAc reporter and organellartargeted variants for the characterization of the spatiotemporal dynamics of O-GlcNAc in serum stimulated signal transduction. Our data argues for complex regulation of O-GlcNAc within a signaling cascade. Rapid increases in O-GlcNAc are observed at both the plasma membrane and the nucleus in response to serum. In contrast, a decrease in O-GlcNAc activity is seen in the cytoplasm. These findings suggest the existence of compartment specific dynamics for O-GlcNAc in response to serum stimulation, arguing a role for localization in the regulation of this modification. In addition, we observe direct inhibition of the O-GlcNAc response with wortmannin treatment, suggesting that this 3 response is modulated downstream of the PI3 kinase pathway. The use of our compartmentalized sensors in tandem with known stimuli and inhibitors is beginning to illuminate the complex spatiotemporal regulation of O-GlcNAc.
EXPERIMENTAL PROCEDURES
Gene Construction of Improved Sensor and its targeted variants-The improved OGlcNAc sensor (OS2) was composed of an enhanced cyan fluorescent protein (CFP) fused to the fimbrial adhesin lectin domain GafD (19, 20) , a known substrate peptide domain for O-GlcNAc from casein kinase (CKII) placed between two flexible linkers (GGSGG) followed by a variant of the yellow fluorescent protein; Venus. The control sensors created had an active GafD domain, but all of the serine or threonine residues in the CKII domain were changed to alanines or glycines.
The nuclear localization sequence (NLS) from simian virus 40 large T-antigen (SV40), PKKRKVEDA (21) , was attached to the construct OS2 at the C-terminus to created the construct Nuc-OS2. The cytoplasmic sensor Cyto-OS2 was generated by tethering the nuclear exclusion sequence (NES) from HIV-1 Rev-protein, LPPLERLTL (22) , to the C-terminus of the OS2 construct. Fusion of the myristoylation and palmitoylation sequence, GCINSKRK (23) from Lyn kinase to the N-terminus of the OS2 construct, targeted the PM-OS2 sensor and its control (PM-OS2 control) to the plasma membrane. All inserts encoding each FRET-based sensor gene were initially created in prSET A and subcloned into mammalian expression vector pCDNA3.1 (-) A His/myc (Invitrogen) using restriction sites BamH I and Hind III. The detailed cloning strategies and primers can be found in Supplemental procedure 1.
The inserts and vectors were gel purified using the QIAquick Gel Extraction Kit (Qiagen) and ligated using the T4 DNA Ligase (New England Biolabs). The sensors were transformed into DH5α E. coli cells and plated on selective media. A 100 mL culture of each of the constructs transformed into E. coli DH5α cells was grown to saturation and plasmids were purified using a QIAprep Endo-free Kit (Qiagen).
Cell experiments) through a S430/25x filter, a 86022v2bs dichroic mirror, and two emission filters (S470/30m and S535/30m) respectively. A YFP image was obtained as a control through S500/20x excitation filter, a 86022v2bs dichroic mirror, and a S535/30m emission filter. Excitation and emission filters were switched via filter wheels (Lambda 10-3, Sutter). Exposure times for CFP and FRET were 100-200 ms and 50 ms for YFP. Fluorescence images were background corrected and the thresholded. The ratiometric FRET image, which is shown in all figures, was calculated by dividing the background subtracted and thresholded FRET image by the background subtracted CFP image.
The resulting ratiometric FRET images were re-analyzed using the MetaMorph software. Only cells with an average intensity of half of a 12-bit image in YFP were selected. After addition of stimuli, changes in the average intensity of YFP between the first and second frame did not allow us to include the initial time of the experiment (t=0) in the calculation of the FRET response. Our data presents a 30 s -2 min delay for each experiment. Regions were selected in the YFP channel image and then transferred to the ratiometric FRET image. Analysis of the OS2 sensor consisted of the selection of a region in the nucleus and the cytoplasm for each cell. In the case of the Nuc-OS2 sensor a region that encompassed the whole nucleus was selected. Linear regions that contained no net cell movement over time were selected to examine the Cyto-OS2 and PM-OS2 sensors. The resulting FRET ratio values were normalized to 1 by dividing all the time point values by the value of the starting point.
Statistical Analysis-P values were obtained by a paired Student's t test (two-tailed) analysis of the normalized average FRET ratios of the OS2 and its control sensor after 30 min of serum treatment.
Nuclear and cytoplasmic normalized average FRET ratios of 7 cells for each sensor were examined. The GraphPad QuickCalcs Software was utilized to perform the calculations.
RESULTS

Creation of a second generation OGlcNAc sensor with improved dynamic range.
We created a second-generation O-GlcNAc sensor (OS2) by altering the region containing the linker and substrate domains. Previous work by Allen and Zhang demonstrated that variations to the length of the linker region could affect the FRET response of sensors (24) . The OS2 sensor incorporates two shorter linker regions, one on each side of the substrate domain, in lieu of the single linker region between the GafD and the substrate in the original O-GlcNAc sensor (OS, Fig. 1A ) (18) . On average, the change in FRET values observed for the OS2 reporter were 2-fold higher than those seen for the original sensor when subjected to our test conditions, i.e. HeLa cells treated with 100 µM PUGNAc and 4 mM glucosamine (15-30% for OS2 compared to 7-15% for OS, Fig. 1B ). The OS2 sensor has a higher dynamic range, which in turn improves the signalto-noise ratio, increasing probe sensitivity and allowing the analysis of more subtle changes in the dynamics. A matched control sensor for OS2 (OS2 control, Fig. 1A) containing no serines or threonines in the substrate domain was also created. As expected, this sensor showed no significant FRET changes under the test conditions 5 (Supplemental Fig. 1 ). Given the enhancement in dynamic range, the OS2 sensor was used as the template for creating a series of compartmentally targeted O-GlcNAc sensors.
Creation of compartmentally targeted OGlcNAc sensors. Signal transduction goes through a series of precisely localized and timed posttranslational modifications, the most studied of which has been phosphorylation (25) . Targeting of in vivo FRET sensors for phosphorylation to specific cellular compartments has allowed more defined interrogation of kinase/phosphatase dynamics (24, 26) . Although O-GlcNAc is thought to play a role in signaling, the localization and dynamics of the O-GlcNAc response in signal transduction has not been characterized. To facilitate our exploration of the spatiotemporal dynamics of O-GlcNAc in signaling, we created a series of O-GlcNAc sensors targeted to the nucleus, cytoplasm and plasma membrane ( Fig.  2A) . We generated the nuclear-localized OS2 sensor (Nuc-OS2) by fusing the C-terminus of OS2 with a nuclear localization sequence derived from the simian virus 40 large T-antigen (Supplemental Fig. 2) (27) . The cytoplasmlocalized sensor (Cyto-OS2) was generated by fusion of a nuclear exclusion peptide from the HIV-1 Rev protein to the C-terminus of OS2 (28) . Testing of Nuc-OS2 and Cyto-OS2 under our standard conditions (HeLa cells, 100 µM PUGNAc, 4 mM glucosamine) showed the expected compartment-specific increases in FRET (Supplemental Fig. 3 ). To create our plasma membrane sensor (PM-OS2), we fused a peptide sequence from Lyn kinase containing both a myristoylation and palmitoylation site to the Nterminus of our sensor (23) . This sequence targets proteins to lipid raft domains at the cell surface (29) . A matched control sensor targeted to the plasma membrane (PM-OS2 control) was also generated. The subcellular localization of our targeted sensors was verified by fluorescence microscopy ( Fig. 2B-D) , with additional verification of the locale of the plasma membrane sensor via confocal microscopy ( Supplemental  Fig. 4) .
O-GlcNAc displays differential dynamics in the nucleus and cytoplasm during serum response. Serum contains a high amount of growth factors and has been utilized to study a variety of mitogenic signaling pathways including the PI3 kinase pathway (30) (31) (32) . Fibroblasts deficient in O-GlcNAc fail to upregulate early serum response transcription factors such as c-Fos, c-Jun, and c-Myc, arguing a role for O-GlcNAc signaling in serum response (33) . To gain an overall view of the dynamics of the O-GlcNAc modification during serum-induced signal transduction, we utilized the non-targeted OS2 sensor. In brief, serum-starved Cos7 cells transiently transfected with the OS2 sensor were stimulated with serum and imaged using fluorescence microscopy (Supplemental movie 1). While a small but significant increase in FRET was observed in the nucleus (3.3 +/-1.13 %, n=7, P<0.0001 paired Student t-test, compared to control sensor), on average the cytoplasm showed little change during the same 30 min time frame, although a decrease in the FRET ratio was observed in some cells (-1.2 +/-2.6 %, n=7, P=0.1457, Fig. 3A) . The OS2 control sensor showed no change in FRET in either compartment upon treatment with serum (Fig. 3B) . As expected, in the absence of serum stimulation no changes in the FRET ratio were observed in the cell (Supplemental Fig. 5 ; Supplemental movie 2).
To further dissect the discrete dynamics of O-GlcNAc within the cell, we utilized our nuclear and cytoplasm-localized sensors (Nuc-OS2 and Cyto-OS2, respectively). Compartmentalization of the sensors improved their dynamic range. Data obtained with the localized sensors corroborated 6 our previous observations and confirmed a decrease in FRET in the cytoplasm upon serum stimulation ( Fig. 4; Supplemental movies 3 and 4) . Activation of O-GlcNAc in the nucleus was rapid, starting within a minute after addition of sera. Under our imaging conditions, we accumulated data 30s after the addition of stimuli and observed a response by the first time point (i.e. 1 minute). On average, the FRET response in the nucleus began to plateau at ~22 min reaching 11 +/-5.3 % (n=9) in a 30 min timeframe (Supplemental Fig.  6 ). In contrast, the data obtained with the cytoplasmic sensor shows a clear depletion of OGlcNAc activity upon serum stimulation ( Fig. 4B  and C, Supplemental Fig. 7 ). Unlike the rapid response in the nucleus, O-GlcNAc activity observed in the cytoplasm does not begin to decrease until ~ 8 min after the addition of serum and does not level off in the 30 min timeframe (-8.9 +/-1.2 %, n=3, t=30 min). These findings provide the first evidence for compartment specific O-GlcNAc dynamics during signal transduction.
Local regions of O-GlcNAc activity are observed in the plasma membrane upon serum stimulation. Serum-induced signal transduction initiates at the plasma membrane where recruitment of a myriad of proteins is induced by the transformation of PIP2 to PIP3 through PI3 kinase activation. Recent work by Yang et al demonstrated that OGT, the enzyme that catalyzes O-GlcNAc transfer, is rapidly recruited to the plasma membrane through its interactions with phosphoinositides, most strongly PIP3, upon serum stimulation (1) . Although the OGT-GFP construct utilized in their studies enabled visualization of OGT relocalization to the plasma membrane in Cos7 cells, concomitant changes in the activity of the enzyme were not described. To this end, we examined the dynamics of serumstimulated O-GlcNAc signaling with our plasma membrane localized sensor (PM-OS2). In brief, serum-starved Cos7 cells transiently transfected with either PM-OS2 or PM-OS2-control were treated with serum and monitored using fluorescence microscopy. Upon serum stimulation, increases in FRET were observed in a minute within localized regions of the plasma membrane (red arrow, Fig 5; Supplemental movie 5). These regions are distributed at the edges of the cells, reminiscent of factors localized to membrane ruffles (34) . This is in stark contrast to the even distribution of OGT-GFP recruited to the membrane observed by Yang et al (1) . Examination of several domains within different cells revealed that the signal begins to plateau at ~12 min (42 +/-23%, n= 5 domains from 3 cells, Supplemental Fig 8) . No changes in FRET were observed anywhere along the plasma membrane for serum stimulated cells transfected with our control sensor (PM-OS2-control, Fig. 5 Supplemental movie 6). Our findings suggest that although OGT may be recruited to the entire plasma membrane, O-GlcNAc activity at the membrane upon serum stimuli is more localized, pointing to additional control mechanisms for this modification.
O-GlcNAc response to serum requires activation of the PI3 kinase pathway. As a first step to understanding the interplay between the kinase pathways and O-GlcNAc signaling, we examined whether inhibition of the PI3 kinase pathway would alter O-GlcNAc activity. For these experiments we utilized wortmannin, a wellcharacterized inhibitor of this pathway, which inhibits the PIP3-dependent recruitment of OGT to the plasma membrane (1). Pretreatment of Cos7 cells with wortmannin (30 min, 100 nM) completely abolished the serum stimulated OGlcNAc response in all three compartments (Fig  6; Supplemental movie 7-9 ). In addition, no alteration in the FRET signal was observed during 7 wortmannin treatment in the absence of serum, consistent with what is seen in the absence of stimuli. This data argues that the PI3 kinase pathway is critical to O-GlcNAc signaling in response to serum and that PI3 kinase and/or its downstream targets are responsible for the modulation of O-GlcNAc.
DISCUSSION
There is mounting evidence that OGlcNAc is a component of signal transduction networks, with roles in a variety of cellular processes including insulin signaling, the cell cycle and stress response (10). This modification shares similarities with phosphorylation, for example both dynamically cycle onto cytosolic and nuclear proteins, are inducible by a variety of external stimuli and can control protein function and stability (8, 35) . In known kinase cascades, localization and timing of enzyme activity within the cell are critical components of the signal (36) (37) (38) (39) . These factors play an important role in determining the appropriate response to a given stimuli. Like many kinases, the enzymes responsible for O-GlcNAc cycling exist in both the cytoplasmic and nuclear compartments and OGlcNAc transferase (OGT) can be recruited to the plasma membrane. Protein/protein interactions, post-translational modifications and the concentration of the sugar donor, UDP-GlcNAc, can also affect their activity, potentially modulating them in a location dependent manner (11). Thus localization and timing might play an important role in the O-GlcNAc component of signaling.
To examine whether O-GlcNAc showed spatially discrete dynamics in response to stimuli, we created a series of O-GlcNAc sensors targeted to the nuclear, cytoplasmic and plasma membrane compartments, based on an improved variant of our original in vivo FRET-sensor (OS2, Fig. 1-2) . These sensors were then used to examine OGlcNAcylation during serum-induced signaling. Our sensors revealed distinct localized dynamics for O-GlcNAc in response to serum. Rapid increases were observed in the nucleus and at localized portions of the plasma membrane, while a decrease in O-GlcNAc activity was detected in the cytoplasm.
One theory for how O-GlcNAc is controlled is that the concentration of the sugar donor UDP-GlcNAc regulates OGT activity (8) . This ties O-GlcNAc to glucose metabolism as UDP-GlcNAc is a downstream product via the hexosamine biosynthetic pathway. Glucose converts to UDP-GlcNAc with a t 1/2 ~15 min (44). If influx of glucose is the main mechanism triggering O-GlcNAc in response to a signal, such as sera, we would expect a general increase over the whole cell in O-GlcNAc activity, as is observed when cells are treated with glucosamine and PUGNAc (Fig. 1) . Our studies disagree with this as we see differential compartmentalized responses to sera on a faster timescale (< 1 min) than would be accounted for by this mechanism. Hexosamine biosynthesis probably still plays a role in signal transduction by O-GlcNAc, but we suspect that the alterations in the levels of UDPGlcNAc may alter the duration and strength of the signal, due to changes in basal level occupation of O-GlcNAc sites, rather than directly cause rapid changes in O-GlcNAc during signaling.
Pre-incubation of the cells with wortmannin, an inhibitor of the PI3 kinase pathway abolished the serum-induced O-GlcNAc response in all compartments. This is consistent with evidence showing wortmannin inhibits OGlcNAc-associated increases in neutrophil migration (40) and argues that PI3 kinase plays an important role in regulation of the O-GlcNAc response. Several possibilities exist for how O-
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GlcNAc could be regulated by the PI3 kinase pathway. Work by Yang et al argues that PI3 kinase, through the creation of PIP3, directly controls O-GlcNAc activity through OGT relocalization, recruiting it from the nucleus and cytoplasm to the plasma membrane (1) . In this work, the majority of nuclear OGT redistributed uniformly on the plasma membrane within 30 min of serum stimulation in Cos7 cells. If local OGT concentration were the only factor effecting OGlcNAc activity, we would expect to observe a slow but steady decrease in nuclear and cytoplasmic FRET as well as an increase of activity over the entire plasma membrane. Our data points to a more complicated scenario. Although we observe a steady decline in cytoplasmic O-GlcNAc activity, consistent with the removal of OGT disrupting the balance between the transferase and the O-GlcNAcase; a rapid rise in activity is visualized in the nucleus with no depletion in O-GlcNAc levels observed at the 30 min timeframe (Fig. 4) . In addition, we observe discrete patches of O-GlcNAc activity at the plasma membrane in response to serum, in contrast to the previously observed uniform distribution (Fig. 5) . It should be noted that our sensor is examining the activity of native OGT, while the relocalization work was done with an overexpressed OGT-GFP fusion, which might effect its distribution. Also, the Lyn kinase based targeting domain on PM-OS2, though targeting the plasma membrane, is known to localize sensors to lipid raft domains at the cell surface (29) . However, we do not observe a correlation between the concentration of the sensor and FRET activity (Fig. 5 , compare YFP channel to FRET), which argues that the localized FRET activity is due to other factors. Taken together, our data argues that the control mechanisms for O-GlcNAc are more complex than simple dynamic recruitment of OGT to sites of activity.
Recent work by Hart and colleagues has implicated tyrosine phosphorylation of OGT as a factor in modulating the enzyme (14) . They showed that OGT is tyrosine phosphorylated in response to insulin and that phosphorylation enhances enzyme activity. OGT is a substrate for multiple tyrosine kinases, including the activated insulin receptor and Src kinase (14) . OGT contains 15 potential Src kinase phosphorylation sites. Interestingly, activated Src kinase is localized to sites of membrane ruffling in Cos7 cells, where it plays a role in EGFR activation, one of the many pathways stimulated by serum (41) . Our plasma membrane sensor shows highly localized OGlcNAc activity at the edges of the membrane in response to serum stimulation (Fig. 5 ). This pattern is reminiscent of membrane ruffling and may be due to a combination of plasma membrane recruitment of OGT by PIP3 and more highly localized activation of the enzyme by a secondary factor such as a tyrosine kinase. This would be consistent with both the localization and wortmannin inhibition data. Src-family kinases are also localized in the nucleus, potentially providing an explanation for the rapid stimulation of OGlcNAc observed in this compartment (42) . It is unclear in this case how the PI3 kinase pathway would be involved.
Alternatively, other downstream effectors of the PI3 kinase pathway may modulate OGT in a localized manner. OGT is known to modify Akt, a well characterized downstream kinase. Additionally, inhibition of GSK3β, another downstream kinase, alters the O-GlcNAcylation patterns observed in Cos7 cells (43) . However, neither OGT nor O-GlcNAcase are presently known to be directly modified by these kinases.
The potentially complex mechanisms by which O-GlcNAc is controlled via kinase pathways, and vice versa, is a subject for further study. Overall, our data is painting a picture of O- 
